The mechanisms of target cell recognition and producer cell selfprotection (immunity) are both important yet poorly understood issues in the biology of peptide bacteriocins. In this report, we provide genetic and biochemical evidence that lactococcin A, a permeabilizing peptide-bacteriocin from Lactococcus lactis, uses components of the mannose phosphotransferase system (man-PTS) of susceptible cells as target/receptor. We present experimental evidence that the immunity protein LciA forms a strong complex with the receptor proteins and the bacteriocin, thereby preventing cells from being killed. Importantly, the complex between LciA and the man-PTS components (IIAB, IIC, and IID) appears to involve an on-off type mechanism that allows complex formation only in the presence of bacteriocin; otherwise no complexes were observed between LciA and the receptor proteins. Deletion of the man-PTS operon combined with biochemical studies revealed that the presence of the membrane-located components IIC and IID was sufficient for sensitivity to lactococcin A as well as complex formation with LciA. The cytoplasmic component of the man-PTS, IIAB, was not required for the biological sensitivity or for complex formation. Furthermore, heterologous expression of the lactococcal man-PTS operon rendered the insensitive Lactobacillus sakei susceptible to lactococcin A. We also provide evidence that, not only lactococcin A, but other class II peptide-bacteriocins including lactococcin B and some Listeria-active pediocin-like bacteriocins also target the man-PTS components IIC and IID on susceptible cells and that their immunity proteins involve a mechanism in producer cell self-protection similar to that observed for LciA.
A s the emergence of bacterial antibiotic resistance has become an increasing problem in medical treatments world-wide for decades, there is a pressing need for novel or alternative sources of antimicrobial agents (1, 2) . Ribosomally synthesized antimicrobial peptides of bacterial origin, known as bacteriocins, have been regarded as a very promising source of antimicrobials because they are highly potent (being active at nanomolar concentrations) (3, 4, 5) . Unlike traditional antibiotics, which mostly act as enzyme inhibitors (2) , the majority of peptide-bacteriocins permeabilize the membrane of sensitive cells, leading to leakage of cellular solutes and, eventually, cell death (6, 7) . Hence, complementary use of antibiotics together with bacteriocins can potentially be a better approach in preventing emergence of resistant pathogens because it will be much more difficult for a bacterium to acquire resistance to two antimicrobials with different modes of action concurrently.
There exists a wealth of information on different aspects of peptide-bacteriocins, from genetic determinants responsible for production, regulation, and immunity (self-protection) to detailed studies on their three-dimensional structures and modes of action (8-11, 5, 6) . With the exception of nisin and a few closely related lantibiotics (6, 12, 13) , the mechanisms by which the peptidebacteriocins specifically recognize their target cells before permeabilization are not well understood. Such knowledge is pivotal for the rational design of novel and more potent antimicrobials and, at least, is required to understand the mechanism behind resistance development. Nisin employs lipid II, a precursor in cell-wall synthesis, as a docking molecule. The subsequent killing of sensitive cells is achieved by a combination of two mechanisms: (i) inhibition of the peptidoglycan biosynthesis through interaction with lipid II and (ii) formation of lethal pores in the cytoplasmic membrane (14) . It was proposed that components of the mannose phosphotransferase system (man-PTS) might play a role in target recognition for some class II pediocin-like bacteriocins, because mutants resistant to the pediocin-like bacteriocins displayed reduced expression of the man-PTS (15, 16) . The introduction of the Listeria man-PTS genes rendered otherwise insensitive lactococcal cells sensitive to leucocin A, pediocin PA-1, and enterocin A (17) . However, whether or not these bacteriocins use the man-PTS components as a receptor per se is not known. In bacteria, the man-PTS is the key pathway for mannose uptake, but it can also accept glucose as a substrate (18) . The uptake is coupled with phosphorylation of the incoming carbohydrates through a series of phoshorylation reactions mediated by EI, Hpr, IIAB, IIC, and IID (18) . The first two enzymes (EI and Hpr) function in a nonspecific manner as they participate in the initial steps for several different PTSs, whereas the last three proteins (IIAB, IIC, and IID) are dedicated to the man-PTS. IIC and IID together form a membrane-located complex, whereas IIAB resides in the cytoplasm but can also form reversible contacts with a membrane-located part (19) .
Lactococcin A is a member of class II bacteriocins, which are nonlantibiotic peptides (8) , and its mode of action has been studied in great detail (20) . The bacteriocin acts exclusively on lactococci by permeabilizing the cytoplasmic membrane in a proton-motive-force (pmf)-independent manner, causing leakage (both efflux and influx) of solutes across the membrane and, thereby, cell death. Based on studies with liposomes and vesicles from sensitive cells, it has been suggested that a specific membrane receptor is required for sensitivity (21, 22) . However, the nature of such a receptor, if any, has remained elusive. In this study, we demonstrate, genetically and by protein-protein interaction analyses, that lactococcin A indeed employs the proteins IIC and IID of the man-PTS as a receptor on target cells and that the cognate immunity protein (LciA) is tightly associated with the bacteriocin-receptor complex to render producer cells immune. We also show that several other class II bacteriocins, including pediocin-like bacteriocins, employ a similar mechanism to target their susceptible cells. A model of the mechanisms underlying receptor recognition and producer-cell immunity for these bacterciocins is presented. encoding a prelactococcin A, (ii) lciA, encoding a hydrophobic protein that confers immunity to the cognate bacteriocin, (iii and iv) lcnC and lcnD, encoding an ABC-transporter and an accessory protein that, together, form the complete machinery dedicated to maturation (proteolytic removal of the leader peptide) and export of the bacteriocin (20, 23, 24) . It has previously been shown that the lactococcal strain IL1403, which is sensitive to lactococcin A, acquires immunity when expressing the cloned gene lciA (20) . We reasoned that an immunity protein has to interact with its cognate bacteriocin or/and a receptor on target cells to confer immunity. If true, purification of the immunity protein might allow identification of the proteins/factors that complex with the immunity protein. To facilitate the detection and purification of LciA, an amino acid sequence (MDYKDDDDKL; so-called flag-tag) containing an epitope recognized by the antibody M2, was genetically fused to the N terminus of LciA. The resulting gene, flciA, was expressed alone or in combination with the bacteriocin gene lcnA in Lactococcus lactis Il1403, which expresses an ABC-transport system capable of processing and exporting lactococcin A (25) . The clone B268, which expresses only flciA, was found to be immune, whereas B244, which expresses both lcnA and flciA, was both bacteriocin-producing and immune (data not shown). As expected, both clones produced an immunodetectable fLciA that conferred immunity to lactococcin A (Fig. 1A) , demonstrating that the N-terminal flag-tag did not impair the immunity function of the fusion protein.
We purified fLciA from cell extracts by immunoprecipitation, and the samples were analyzed by SDS/PAGE. As shown in Fig. 1B , in addition to fLciA, which was found in both flciA-expressing clones, a few additional proteins were copurified with fLciA in the sample derived from B244 (the clone expressing both lcnA and flciA). These copurified proteins were not found in the sample derived from B268, which expressed flciA in the absence of lcnA (Fig. 1B) . Two of the copurified proteins gave distinct bands (I and II) in the size range of 32-35 kDa, whereas a group of proteins gave two to three bands (III) in the area close to 25 kDa.
Given that the protein complex formation with fLciA takes place only in cultures producing bacteriocin, we examined whether this phenomenon could be established with the immune and nonproducing clone B268 if exogenous bacteriocin was added to its cultures. The result from this experiment showed the presence of an apparently identical protein complex (Fig. 1B) . Thus, purified samples from cultures of B268 that had been grown in the presence of added lactococcin A (as a bacteriocin concentrate), gave rise to the same protein pattern as B244 when analyzed by SDS/PAGE. This pattern could not be established with a concentrate from a nonbacteriocin producer (Fig. 1B) . To assess this property further, we used a second L. lactis strain, MG1363, as an expression host. This strain is different from Il1403 in that it lacks an active ABC-transport system specific for export of double-glycine leader-containing bacteriocins (such as lactococcin A). Two derivatives of MG1363, B440 containing the cloned genes lcnA and flciA and B434 containing only flciA, were both found to be immune and bacteriocin-negative (data not shown), and, as expected, the purified fLciA samples from these two clones did not contain the copurified proteins as found with B244 (Fig. 1C) . Only when exogenous bacteriocin was added to their cultures, did the corresponding copurified proteins appear in the purified samples of fLciA (Fig. 1C) . This is an important piece of evidence indicating that the protein complex formation with fLciA can be achieved only in the presence of mature bacteriocin in the extracellular environments but not with an intracellular and unprocessed prebacteriocin (LcnA).
Components of the Man-PTS Copurify with fLciA. The copurified protein bands were subsequently isolated from SDS/PAGE gels, trypsinized, and subjected to MS for peptide identification. By using the peptide mass fingerprinting (PMF) data alone, the spectrum representing band I resulted in a single significant (P Ͻ 0.05) hit, namely the mannose-specific PTS component IIAB from L. lactis. A total of 11 peptides in the query matched the tryptic map of this protein, representing 43% of the total sequence. In a second round of database searches, in which the PMF data were combined with MS/MS data from selected peptides, single and significant hits were obtained for all three bands. The identified proteins were all components of the L. lactis man-PTS, namely IIAB in band I, IID in band II, and IIC in band III [see supporting information (SI) Fig.  6 ]. The calculated sizes for IIAB, IIC, and IID from Il1403 are 35,064.5, 27,562.6, and 33,646.7 Da, respectively, which correspond well with their electrophoretic size as shown by SDS/PAGE ( Fig. 1 ) (see SI Methods for discussion on multiple proteins in band III). expressing lcnA and flciA and B268 expressing only flciA; B100, containing the empty vector, was used as negative control. (B) Silver-stained SDS/PAGE gel showing fLciA and its copurified proteins from Il1403-derived clones. B100, B244, and B268 were grown in the absence (first four lanes) or presence (last two lanes) of an exogenously added bacteriocin concentrate (final 50 BU/ml in ϩB1 and 200 BU/ml in ϩB2). In lane (ϪB), a nonbacteriocin concentrate from B100 was added as a control. (C) Silver-stained SDS/PAGE gel showing fLciA and its copurified proteins from MG1363-derived clones: B105 containing empty vector (control), B440 expressing lcnA and flciA, and B434 expressing only flciA. Samples were purified from cultures grown in the absence (B105, B440, and B434) or presence (B440ϩ and B434ϩ) of added lactococcin A (100 BU/ml). Bars signify protein molecule weight markers, arrows signify fLciA and the copurified proteins (I, II, and III). For B and C, equal volumes of the eluted fractions (each 5 l of total 100 l) were applied to wells for direct comparison.
* , a protein(s) that cross-reacted with the antibody M2.
Deletion of the Man-PTS Operon (ptn) Confirms Its Involvement as
Receptor for Lactococcin A. The man-PTS operon (ptn) in IL1403 is composed of three genes, which have been annotated as ptnAB, -C and -D (GenBank accession no. AE005176). To examine whether the encoded proteins, IIAB, IIC, and IID, could function as a receptor for lactococcin A, we deleted the ptn operon of the sensitive strain Il1403 by homologous recombination using the targeting plasmid pD1 (Fig. 2A) . The removal of the ptn operon in the resulting deletion mutants was confirmed by PCR (Fig. 2 A) , and it was also reflected in the reduced ability of the mutant (B464) to grow on glucose or mannose, sugars that largely depend on the man-PTS for uptake (see SI Fig. 7 ). As shown in Fig. 2B and SI Methods, the resulting ptn mutant (B464) was no longer sensitive to the bacteriocin. When the complete ptn operon was reintroduced as cloned genes in the deletion mutant (resulting in B515), sensitivity to the bacteriocin was reestablished, an observation further supporting the notion that the man-PTS components act as a receptor/ target for lactococcin A.
To identify which component(s) of the man-PTS serve(s) as receptor for lactococcin A, we cloned and expressed the ptn genes in the deletion mutant, either as single genes or as pairs of genes. For this purpose, we used the regulated NICE (Nisin-controlled gene expression) system to fine-tune expression of the ptn genes, because high expression of PTS genes often is toxic to cells. Expression of the single genes did not cause sensitivity to the bacteriocin (data not shown) nor did the expression of the gene pair ptnAB and -C (B526 in Fig. 2B ). However, the expression of the gene pair ptnC and -D did establish bacteriocin sensitivity (B529 in Fig. 2B ). Taken together, the results strongly suggest that the encoded proteins of ptnC and -D form the receptor for lactococcin A and that ptnAB is not required for this function.
Expression of the Lactococcal Man-PTS Genes in a Lactococcin A-Resistant Lactobacillus sakei Strain Renders It Sensitive. Like most Lactobacillus strains, Lb790 is not sensitive to lactococcin A, although its genome also contains a man-PTS highly homologous to the lactococcal counterpart. To investigate whether the lactococcal man-PTS could render the Lb. sakei strain sensitive to lactococcin A, the complete ptn operon as well as the gene pairs ptnC and -D, ptnAB and -C, and the individual genes were separately expressed in Lb. sakei Lb790. It was revealed that only the clone expressing the complete ptn operon (B558) or the gene pair ptnC and -D (B559) became sensitive to lactococcin A, whereas any of the other clones did not ( Fig. 2C ; data for the individual genes are not shown). These results not only demonstrate that the lactococcal man-PTS receptor/target is lactococcin A-specific but also confirm that the expression of the gene pair ptnC and -D is sufficient to form a functional receptor for lactococcin A. Given that ptnAB is not required for the lactococcin A-induced sensitivity, we wanted to examine whether IIAB coprecipitated with fLciA as a mere cargo through binding to a membrane-located part or as a result of direct contact with the immunity protein. flciA was therefore coexpressed with individual or pairs of genes of the ptn operon. When the complete ptn operon was introduced together with flciA into the ptn deletion clone B464 resulting in B607, proteins of size corresponding to IIAB, IIC, and IID were found to copurify with fLciA from the bacteriocin-treated B607 as expected (Fig. 3) . Similarly, the clone B612 expressing flciA together with ptnC and -D (but without ptnAB) gave rise to coprecipitation of IIC and IID. By contrast, neither the coexpression of flciA with the individual genes nor the coexpression of flciA with the gene pair ptnAB and -C gave rise to coprecipitated PTS components. These results indicate that fLciA can form a complex with IIC and IID without the involvement of the cytoplasmic component IIAB and that IIAB itself probably does not form any strong contact with fLciA. Note that a protein of size similar to IID was also present in the samples derived from clones lacking ptnD (B520, B609, B613, and B615); however, the intensity of this band is somewhat weaker than in clones expressing ptnD (B268, B607, and B612). Based on these observations, we conclude that this background protein in the ptnD-negative samples had come along during immunoprecipitation as a contaminant.
More importantly, only the purified samples containing coprecipitated PTS components (clones B268, B607, and B612) displayed bacteriocin activity when tested on lawns of indicator cells, whereas other samples lacking coprecipitated man-PTS components (B520, B621, B609, B613, B615, and B617) did not (Fig. 3) . The latter result strongly indicates that the bacteriocin is not only required for the fLciA-man-PTS complex formation but also is part of the complex.
Other Class II Bacteriocins Targeting Man-PTSs. To evaluate whether the involvement of the man-PTS as a receptor is a unique case for lactococcin A or whether it may serve similar function for other class II bacteriocins as well, we analyzed a number of different bacteriocins using a similar approach as for lactococcin A. Lactococcins A and B are both produced by the multibacteriocin producer L. lactis LMG2130 (26) . Like lactococcin A, lactococcin B inhibits mainly the growth of other lactococci by permeabilizing the cytoplasmic membrane; however, lactococcins A and B share no obvious homology to each other at the amino acid level (26) . We found that lactococcin B was active against the lactococcal wildtype strain Il1403 and the ptn deletion clone expressing the reintroduced ptn operon (B515) or the gene pair ptnC and ptnD (B529) but failed to kill the isogenic ptn deletion mutant (clone B520) or the derivative clones lacking both ptnC and ptnD (e.g., B526, B619, B538, and B541 expressing ptnAB and -C, ptnAB, ptnC, or ptnD, respectively). (Details of these clones is provided in SI Table 1 ). This observation suggests that lactococcin B probably also uses the same receptor as lactococcin A, namely the man-PTS components IIC and IID, to target susceptible cells.
The Listeria-active pediocin-like bacteriocins, enterocin P (27), sakacin A (28), pediocin PA1 (29) , and the newly discovered penocin A (30), share a consensus sequence (YGNGV) at their N terminus, but none of them share any obvious sequence homology with lactococcin A or B. These pediocin-like bacterciocins are not active against L. lactis IL1403, but they display inhibitory activity against several L. sakei strains including Lb790, 23K, and NCDO2714. To examine whether these pediocin-like bacteriocins could specifically target a Lactobacillus man-PTS, we expressed the man-PTS genes from Lb. sakei 23K in the lactococcal clone B464 (ptn deletion mutant). Indeed, heterologous expression of the complete Lactobacillus man-PTS operon (manLMN) (clone B630) or only the gene pair manMN coding for the membrane-located IIC and IID (clone B634) rendered the L. lactis ptn deletion mutant sensitive to these bacteriocins (data not shown).
Furthermore, by using the flag-tagging approach for purification and detection of the immunity proteins (EntiP and SaiA) specific for enterocin P and sakacin A, we observed that these immunity proteins also formed complex with the man-PTS components in a bacteriocin-dependent manner as similarly found for LciA (Fig. 4) .
(The identity of the man-PTS components was verified by MS; data not shown). Taken together, these results demonstrate that several class II bacteriocins can use components of the man-PTS as a receptor to target susceptible cells and that their immunity proteins probably involve a common mechanism in self-protection of the bacteriocin producing cell.
Discussion
By using the fusion immunity protein fLciA as bait, we were able to fish out proteins that formed complex with fLciA when it conferred immunity against lactococcin A. Through mass spectrometric analysis, three of these proteins were identified as components of the man-PTS, namely IIAB, IIC, and IID. The interaction between these proteins and fLciA was shown to be dynamic, involving an on-off type mechanism that depended on the presence or absence of lactococcin A. The role of the man-PTS components was subsequently assigned as target/ receptor for lactococcin A based on the observation that the deletion mutant lacking the ptn operon became resistant to lactococcin A. This finding was further corroborated by two additional functional studies: (i) reintroduction of the ptn operon into the deletion mutant reestablished sensitivity to lactococcin A and (ii) a lactococcin A-resistant Lactobacillus strain (Lb790) became sensitive to lactococcin A by heterologously expressing the lactococcal ptn operon. The latter observation is of particular importance because lactobacilli are known to be resistant to lactococcin A despite the fact that they also harbor a man-PTS highly similar to the lactococcal man-PTS. Attempts to complement the lactococcal ptn deletion mutant with the corresponding genes from L. sakei 23K (sharing over 57% identity and 72% similarity at the amino acid level) failed to establish sensitivity to lactococcin A (data not shown). The specific requirement of a lactococcal man-PTS for lactococcin A-induced sensitivity can thus account for the previous observation that this bacteriocin acts primarily toward lactococcal strains but poorly toward species outside the Lactococcus genus (20, 21) . Detailed genetic analysis combined with immunocoprecipitation studies demonstrated that the expression of ptnC and ptnD (without ptnAB) was sufficient for lactococcin A-induced sensitivity and also for complex formation between the encoded proteins and fLciA. This finding is surprising because IIAB (encoded by ptnAB) was associated with the protein complex when the complete ptn operon was expressed (e.g., in the wild-type strain). These results might suggest that the membrane-located proteins, IIC and IID, together could form a functional receptor for lactococcin A and that IIAB was associated with the bacteriocin-fLciA-protein complex as a mere cargo, probably because of its ability to form reversible contacts with a membrane-located part (19) .
By immunodetection, we observed a significant pool of the fLciA in the membrane-associated fraction in addition to the cytoplasmic pool, regardless of the presence or absence of the bacteriocin (data not shown). This membrane-associated pool has been estimated to constitute 50-70% of the total amount of the protein in cells (31, 22) . The finding that fLciA-complex formation involves an on-offtype immunity mechanism suggests that the membrane-associated pool of the protein can be divided further into two forms of complexes: one non-or loosely associated with the receptor proteins in the absence of the bacteriocin and the second tightly associated with the receptor proteins in the presence of the bacteriocin. Whether lactococcin A can form direct contacts with its cognate immunity protein or not has been addressed previously. It was shown that LciA did not affect the antimicrobial activity of lactococcin A in an in vitro experiment, implying little or no contact between lactococcin A and its immunity protein (31) . By using an antibody recognizing the C-terminal half of LciA, Venema et al. (22) observed that the antibody could react with right-side-out vesicles from immune (LciA-positive) cells but failed to bind inside-out vesicles or protease-K-treated right-side-out vesicles from immune cells. Based on these results, these authors suggest that the antibody-reacting part of LciA is located on the outside of the membrane and that this part presumably forms contacts with the bacteriocin, because the latter blocks antibody binding. The results presented here seem to unify these apparently conflicting results into one mechanism: the interaction between lactococcin A and its immunity protein requires the presence of, and is mediated by, the receptor proteins (IIC and IID); otherwise, no or poor interaction occurs between them. Taken together, our proposed model (Fig. 5) is that LciA confers immunity, not by preventing the bacteriocin from binding to its receptor (in a competitive manner), but, rather, by direct interaction with the receptor-bacteriocin complex (in a bind-and-lock manner) thereby blocking the subsequent steps leading to membrane permeabilization and cell death.
Our results also suggest that the man-PTS in immune (LciApositive) cells may exist in two different forms: (i) one non-or loosely associated with the immunity protein and (ii) one tightly associated with both the bacteriocin and immunity protein (state 1Ј versus state 3Ј in Fig. 5B ). With regard to its involvement in sugar transport, it is reasonable to ask whether the structure or functionality of the man-PTS is affected when it is converted from one form to another. If adversely affected, one would expect bacterial growth on mannose or glucose as sole carbohydrate source to be perturbed, because the man-PTS is a key pathway for uptake of these sugars. Our growth study indicates that there is, indeed, a fitness cost to compensate immunity (see SI Fig. 8 ). Immune cells (e.g., fLciApositive B268) growing in a medium containing lactococcin A [200-250 bacteriocin unit (BU)/ml], showed an almost doubling in generation time when mannose or glucose was used as sole carbohydrate. Such an impaired growth rate was not observed when galactose, which uses an uptake pathway (probably a galactose permease; 32) different from the man-PTS, was used as sole carbohydrate. The man-PTS is known to be involved in a hierarchical regulatory network, so-called catabolite repression (18) ; consequently, it will be of great interest in future work to employ transcriptome analysis to examine whether immune cells show an altered metabolic pattern when exposed to bacteriocin as a consequence of fitness cost. This approach also has great potential to be a useful means of identifying regulated receptors targeted by other antimicrobials.
In addition to lactococcin A, we demonstrated that lactococcin B as well as some Listeria-active pediocin-like bacteriocins could also use components (IIC and IID) of the man-PTS as a receptor in cell targeting and that the immunity proteins for these one-peptide bacteriocins seem to share a common mechanism in producer-cell self-protection. Interestingly, we failed to demon- 1 and 2 ). After binding, the bound bacteriocin somehow triggers permeabilization of the membrane (state 3), causing leakage of cellular components and, eventually, cell death. Although the exact nature of the pores is unknown, it is conceivable that they are formed either by oligomerized bacteriocin molecules or by disruption of the man-PTS. (B) In immune cells without bacteriocin production (e.g., the clone B268), the immunity protein (I) is not tightly associated with the man-PTS (state 1Ј). Only when exogenous bacteriocin is added to the culture medium (state 2Ј), the immunity protein approaches and binds strongly the target proteins (IIC and IID). The cells are thereby protected, probably through the blocking of the bound bacteriocin molecules, from advancing to the subsequent steps that lead to cell death (state 3Ј). In bacteriocin-producing cells (e.g., B244), the cognate immunity protein is tightly associated with the bacteriocin-bound receptor proteins to protect cells from being killed (state 3Ј). In all cases, the cytoplasmic component IIAB may form contact(s) with its membrane-located partners without being involved in the receptor-function. CW, cell wall; CM, cytoplasmic membrane. The man-PTS unit is shown with a stoichiometric ratio of 2:1:2 for IIAB/IIC/IID, based on the analogy to the E. coli counterpart (42) .
